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INTRODUCTION
The persistence of petroleum-derived pollutants in aquatic 
environments poses a significant challenge to global water 
security and environmental sustainability (Watkins et al., 
2017). Chlorophenols are classified as ecological 
hormones (EHs), recognized for their carcinogenicity, 
acute toxicity, and role as precursors to highly persistent 
dioxins (Mathew et al., 2025; Beigh, 2024). In recent years, 
increasing attention has been devoted to their removal 
from the environment, making this a prominent research 
hotspot and rendering them priority pollutants (Wei et al., 
2019). Therefore, the development of cost-effective and 
sustainable remediation strategies for chlorophenol 
removal is of both scientific and environmental 
importance.  

Microplastics, typically regarded as environmental threats, 
especially in aquatic systems, are increasingly being 
reconsidered as functional sorbents owing to their high 
surface area, tunable surface chemistry, and stability under 
harsh environmental conditions (Zhao et al., 2024; Das et 
al., 2024; Alkhaldi et al., 2024). Polyethylene terephthalate 
(PET) and polyurethane (PU) are among the most 
abundant microplastic residues generated from consumer 

products, industrial packaging, and coatings (Shi et al., 
2023; An et al., 2020). Their structural motifs, aromatic 
rings, carbonyl groups, and urethane functionalities offer 
multiple potential binding sites for hydrophobic, π–π, 
hydrogen bonding, and electrostatic interactions with 
chlorophenol species (An et al., 2020; VL et al., 2025; 
Cova et al., 2021; Liu et al., 2021). Harnessing these 
intrinsic features transforms a problematic pollutant 
(microplastics) into a resource for pollutant remediation, 
thereby advancing circular and sustainable approaches to 
environmental management. 

Despite this promise, understanding how chlorophenols 
adsorb on PET/PU-based microplastics remains limited. 
Previous studies conducted by Jiang & Hu (2024) showed 
that microplastics (MPs) acted as carriers for tetracycline 
(TC) in water, and enhanced adsorption when combined 
with vitamin C-modified crayfish shell biochar (CSB-VC). 
Aged polyethylene, polypropylene, and polyvinyl chloride 
exhibited high capacities (275–285 mg/g) and maintained 
>245 mg/g in real water systems. A study by Liu et al. 
(2020) used polyethylene terephthalate (PET, <150 μm) 
as the adsorbent and chlorophenols (MCP, DCP, TCP) as 
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ABSTRACT 
In this study, a combined experimental and theoretical approach was employed to evaluate the 
adsorption performance of polyethylene terephthalate (PET), polyurethane (PU), and TiO2-
doped PET/PU microplastics for the remediation of para-chlorophenol (PCP), a petroleum 
phenolic pollutant. PET and PU microplastics were synthesized via carbonation and sieving 
techniques, while the nanocomposite was obtained through low-temperature calcination of PET, 
PU, and TiO2 in equal proportions. The FT-IR analyses provided insight into the structural and 
morphological characterization, confirming the successful fabrication of the composite. Density 
functional theory (DFT) calculations, using the B3LYP-D3/Def2SVP method, provided insights 
into the electronic behavior and adsorption mechanisms. The TiO2-PET/PU nanocomposite 
exhibited a reduced energy gap of 2.489 eV and the highest chemical potential (μ) of −4.527 eV 
among the studied systems, indicating improved reactivity and charge transfer capability. Upon 
PCP adsorption, the composite exhibited a significantly enhanced electrophilicity index (ω) of 
8.234 eV, along with the most favorable adsorption energy (Eads = −2.594 eV), which were carried 
out computationally, surpassing both pristine PET (−0.629 eV) and PU (−0.656 eV), respectively. 
These findings demonstrate that TiO2-functionalized PET/PU microplastics hold strong 
promise as efficient sorbents for chlorophenol removal in environmental applications. 
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model pollutants. Results showed that while ionic 
strength, fulvic acid, and natural water matrices reduced 
the adsorption of DCP and TCP, the adsorption of MCP 
remained stable across conditions, with consistent Kd 
values (≈10.6–11.4 L/kg). The overall adsorption affinity 
followed the order DCP > MCP > TCP. In another study 
by Enyoh & Wang (2024), the adsorption of phenol onto 
pristine (Pr-PET), modified (Mod-PET), and aged (Ag-
PET) PET microplastics was investigated using both 
experimental and theoretical approaches. Their findings 
showed that among the tested systems, Ag-PET showed 
the highest removal efficiency due to its larger surface 
area, while the maximum adsorption capacity followed the 
order Mod-PET (38.02 mg/g) > Ag-PET (8.08 mg/g) > 
Pr-PET (6.84 mg/g). Bio-Graphene Foams (BGFs) were 
innovatively synthesized from sustainable resources using 
a two-step method, yielding a highly porous structure with 
a surface area of 805 m2/g by Sidra et al. (2024). The BGFs 
exhibited exceptional adsorption performance for 2,4-
dichlorophenol (DCP) and 2,4,6-trichlorophenol (TCP), 
achieving a maximum capacity of 245 mg/g at pH 3–4, 
consistent with the Langmuir isotherm (Frescura et al., 
2024; Jiang et al., 2022; Costa et al., 2024). Theoretical 
simulations, like density functional theory (DFT) 
combined with electronic structure analysis, complement 
experiments by calculating adsorption energies, 
identifying interaction regions, and revealing charge 
transfer pathways.  

In this study, we address the limited understanding of how 
blended PET-based microplastics engineered with metal 
oxide functionalities influence chlorophenol adsorption. 
While previous studies have examined PET or other 
polymeric sorbents individually, systematic investigation 
of PET/PU blended microplastics integrated with TiO2 
and supported by molecular-level computational analysis 
remains scarce. Here, we combine experimental synthesis 
and density functional theory (DFT) modeling to clarify 
both adsorption performance and mechanism. 
Experimentally, PET and PU microplastics were prepared 
via carbonation and sieving processes, followed by the 
formation of PET/PU–TiO2 composites through low-
temperature calcination at controlled equal proportions, a 
condition selected to promote interfacial dispersion of 
TiO2 and the generation of heterogeneous adsorption 
sites. We hypothesize that the PET/PU blend provides 
complementary functional environments, aromatic 
domains from PET, and polar urethane groups from PU, 
while TiO2 incorporation enhances surface polarity, 
charge distribution, and potential hydrogen-bonding or 
donor-acceptor interactions with chlorophenol. To test 
this hypothesis and rationalize adsorption behavior, DFT 
calculations at the B3LYP-D3/Def2SVP level were 
employed to evaluate adsorption energies, frontier 
molecular orbitals (FMO), natural bond orbital (NBO) 
charge transfer, molecular electrostatic potential (MESP), 
and non-covalent interaction (NCI) characteristics. Thus, 
the objective of this work is twofold: (i) to experimentally 
validate PET/PU–TiO2 composites as effective sorbents 
for chlorophenol removal, and (ii) to use computational 
analysis to predict adsorption trends and elucidate the 
underlying interaction mechanisms that govern sorption 

performance. This integrated approach establishes a 
mechanistic basis for designing PET-derived polymer 
composites with improved adsorption capability for water 
treatment applications. 

METHODS 

2.1 Experimental 

2.1.1 Preparation of PET microplastics 

Empty PET bottles were collected, washed thoroughly 
with distilled water to remove surface contaminants, and 
air-dried. The bottles were cut into smaller pieces 
manually to reduce their size before processing. The PET 
fragments were placed in a porcelain crucible and 
subjected to controlled thermal softening over a Bunsen 
burner for a short duration (approximately 2–3 min) to 
allow melting without prolonged combustion. The molten 
material was allowed to cool at room temperature and 
subsequently mechanically ground using a laboratory 
mortar grinder to obtain smaller particles. The ground 
material was sieved using a 200-mesh sieve (≈75 µm 
particle size) to obtain PET microplastic powder. To 
ensure that the polymer backbone remained intact after 
thermal treatment, structural integrity was verified using 
FTIR analysis as described in Section 2.2. 

2.1.2 Preparation of PU microplastics 

Polyurethane (PU) foam was cut into smaller pieces and 
cleaned to remove dust and impurities. The material was 
then placed in a crucible and thermally treated under 
limited exposure to direct flame in an aerated environment 
for a short period to reduce the bulk material into brittle 
fragments rather than complete combustion. The 
obtained material was allowed to cool at room 
temperature and subsequently ground to produce fine 
particles. The powdered sample was sieved using a 200-
mesh sieve (~75 µm) to obtain PU microplastic powder. 
The chemical structure of PU after processing was 
confirmed by FTIR spectroscopy to verify the presence of 
characteristic urethane functional groups. 

2.1.3 Synthesis of TiO2-doped PET/PU 
nanocomposite 

A blend ratio of PET: PU = 1:1 (w/w) was used for 
composite preparation. Specifically, 2 g of PET powder 
and 2 g of PU powder were weighed and mixed. 

Commercial TiO₂ nanoparticles (added at an equal mass 

proportion relative to the polymer mixture; TiO₂ loading 
≈ 50 wt%) were introduced into the mixture. The 
components were dispersed in 50 mL of distilled water 
and stirred using a magnetic stirrer at 500 rpm for 2h at 
room temperature (≈25 °C) to ensure uniform mixing. 
The pH of the suspension was maintained at 
approximately neutral (pH ≈ 7) during mixing. After 
mixing, the sample was transferred into an oven and 
thermally treated at 100 °C for 12 h to remove moisture 
and promote composite stabilization. This step is referred 
to as low-temperature thermal treatment/drying rather 
than calcination, since calcination typically occurs at 
temperatures above 400 °C. The dried composite was then 
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ground using a mortar and pestle and sieved again through 
a 200-mesh sieve (~75 µm) to obtain a homogeneous 

TiO₂-doped PET/PU composite powder. The reaction 
procedure is illustrated in Scheme 1. 

2.2 Characterization of TiO2-doped PET/PU 
nanocomposite 

The structural properties of the synthesized composite 
were analyzed using X-ray diffraction (XRD). 
Measurements were performed using Cu Kα radiation (λ 

= 1.541 Å) operated at 40 kV and 30 mA, with a scanning 
range of 2θ = 10–80° and a scan rate of 2° min-1. Fourier 
transform infrared (FTIR) spectroscopy was carried out to 
identify functional groups and confirm polymer integrity 
after processing. Spectra were recorded in the range of 
400–4000 cm-1 using the KBr pellet method. In addition, 
particle size distribution of the prepared microplastics was 
controlled through sieving (~75 µm), and the dispersion 
of TiO2 within the polymer matrix was evaluated from 
XRD peak characteristics and FTIR spectral features. 

 
Scheme 1: The schematic design of the composite reaction procedures. 

2.3 Theoretical calculation method 

The present computational studies on the designed 
surfaces (PET, PU, and TiO2-PET/PU) and chlorophenol 
(PCP) adsorbed complexes were carried out using the 
Gaussian 16 program package (Frisch et al., 2016) within 
the framework of Density Functional Theory (DFT) to 
evaluate their structural, electronic, and reactive 
properties. Geometry optimizations were performed at 
the B3LYP-D3/Def2-SVP level of computation while 
maintaining minimum ground energy; the surfaces were 
stabilized at a singlet multiplicity with a net charge of zero 
(Semenov et al., 2023). The B3LYP hybrid exchange–
correlation functional, which combines Becke’s three-
parameter exchange with the Lee-Yang-Parr correlation 
(Becke, 1993), was adopted due to its proven accuracy in 
predicting molecular geometries, frontier orbital energies, 
and intermolecular interactions (Huang et al., 2017; Guan 
et al., 2025). The Def2SVP basis set was employed to 
balance computational efficiency and accuracy and offers 
better treatment of transition metals and heavier main-
group elements, while still being less computationally 
demanding than larger triple-ζ sets (Goodfellow & Bühl, 
2021; Semidalas & Martin, 2020; Bytautas et al., 2022). 
PET and PU were represented by oligomeric fragments to 
capture the relevant functional groups involved in 
adsorption, while TiO2 was modeled using a finite cluster 
representing the active adsorption surface. All structures 
were fully optimized without symmetry constraints. 
Adsorption energies were calculated using: 

𝐸𝑎𝑑𝑠 = 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − (𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 + 𝐸𝑃𝐶𝑃)  (1) 

where Ecomplex represents the total energy of the 
adsorption system, and Eadsorbent and EPCP correspond to 
the energies of the isolated sorbent and chlorophenol 
molecule, respectively. Frequency calculations were 
performed to verify that optimized geometries correspond 
to true minima on the potential energy surface. Gas-phase 

calculations were employed to evaluate relative adsorption 
trends and interaction mechanisms between the sorbent 
and chlorophenol molecules. Default Gaussian 
convergence criteria and integration grids were used 
during all calculations. 

The frontier molecular orbitals (HOMO-LUMO plots) 
were visualized using the Chemcraft software program 
(Zhurko & Zhurko, 2005), based on the formatted 
checkpoint files derived from optimized geometries. 
Natural bond orbital (NBO) analysis gives insight into the 
electronic perturbation between donor and acceptor 
molecular orbitals of the systems (Weinhold, 2012). 
Furthermore, the Molecular Electrostatic Potential 
(MESP), Quantum Theory of Atoms in Molecules 
(QTAIM) topological analysis (Table 3), and Non-
Covalent Interaction (NCI) plots were generated using the 
Multiwfn 3.7 software package (Lu & Chen, 2012) and 
visualized with Visual Molecular Dynamics (VMD) 1.9.3 
(Humphrey et al., 1996). These analyses provided critical 
insights into the electrophilic and nucleophilic regions, 
bonding characteristics, and weak non-covalent 
interactions present in the studied systems, which are 
essential for understanding their adsorption and catalytic 
behaviors.  

RESULTS AND DISCUSSION 

3.1 Materials Characterization 

3.1.1 FT-IR 

Fourier-transform infrared (FT-IR) spectroscopy is a 
powerful tool for probing the surface chemistry and 
molecular structure of polymers and their composites. It 
provides direct evidence of functional groups present, 
their bonding environments, and possible modifications 
upon blending or incorporation of additives (Mohamed et 
al., 2017; Combrzyński et al., 2021; Ali et al., 2021). In the 
present study, FTIR was employed to confirm the 
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structural features of PET, PU, and the PU-PET-TiO2 
composite, identify functional groups that may participate 
in pollutant binding, and evaluate chemical interactions 
introduced by TiO2 incorporation.   

The combined FT-IR spectra of PET, PU, and PU-PET-
TiO2 composites are presented in Figure 1. For PET, the 
characteristic absorption peaks were observed at 1712 

cm⁻¹, corresponding to the C=O stretching vibration of 
ester groups (Kumar et al., 2019), along with bands at 

1239-1100 cm⁻¹ attributed to C-O-C stretching (Yusuf, 

2023; Mecozzi & Nisini, 2019), 1239, 1339, and 1407cm⁻¹ 

(C-H stretching) and ~2965–2907 cm⁻¹ assigned to 
aliphatic C-H stretching. We also observe bands at 1015, 

971, 898, 870, 846, 792, and 721cm⁻¹, which correspond 
to C-H stretching (Kumar et al., 2019; Markandan et al., 
2020). In the case of PU, distinctive peaks appeared at 

2868, 2928, 2969, and 3026 cm⁻¹, which are attributed to 
both asymmetric and symmetric stretching vibrations. 

1718 cm⁻¹ corresponds to urethane C=O stretching (Yi et 

al., 2020). 1600–1450 cm⁻¹ depicts the amide II band due 

to N-H bending and C-N stretching, and ~1090 cm⁻¹ C-
N stretching of the urethane linkage.  

 
Figure 1. FTIR spectra of PET, PU, and PU-PET-TiO2 composites 

 
Figure 2. The HOMO-LUMO distribution maps of PCP-PET, PCP-PU, and PCP-TiO2-PET-PU complexes. 
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The spectrum of the PU-PET-TiO2 composite exhibited 
notable changes compared to pristine PET and PU. A 
broadening and slight shift of the O-H/N-H stretching 

band (~3300 cm⁻¹) was observed, indicating hydrogen 
bonding interactions between polymeric functional 
groups and surface hydroxyls of TiO2. Furthermore, 

enhanced absorption in the 1000-600 cm⁻¹ region can be 
ascribed to Ti-O-Ti vibrations, confirming the successful 
incorporation of TiO2 (Adak et al., 2019).  T
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Figure 3. The molecular electrostatic potential (MESP) mapping of the different systems. 

 
Figure 4. The QTAIM plots of PCP-PET, PCP-PU, and PCP-TiO2-PET-PU complexes.  

Additionally, minor shifts in the C=O stretching band 

(~1710-1720 cm⁻¹) suggest possible coordination 
between TiO2 and the carbonyl groups of PET and PU 
(Shoukat et al., 2023; Ambrose et al., 2025).  Herein, the 
FTIR results confirm the successful blending of PET and 

PU, as well as the effective incorporation of TiO2 into the 
polymer matrix. The observed structural modifications 
and newly formed interactions are expected to provide 
additional adsorption sites, thereby enhancing the 
composite’s affinity toward chlorophenol pollutants. 

Red represents the 

nucleophilic region  

Green represents the neutral 

region.   
Blue represents the 

electrophilic region. 
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Figure 5: The non-covalent interaction (NCI) plots of PCP-PET, PCP-PU, and PCP-TiO2-PET-PU complexes  

3.2 Electronic properties 

3.2.1 HOMO-LUMO studies 

Understanding the electronic properties of adsorbent 
systems is essential for establishing structure–activity 
relationships in pollutant capture. Frontier molecular 
orbital energies (HOMO, LUMO) and the derived energy 
gap (Egap) provide direct insights into the chemical stability 
and reactivity of the sorbent surface (Cao et al., 2021). 
Hardness (η) and softness (σ) quantify the polarizability of 
the material, which governs its ability to adapt electron 
density during adsorption (Cao et al., 2021; Montazeri et 
al., 2023). The chemical potential (μ) reflects the electron-
donating or -accepting tendency of the system, while the 
electrophilicity index (ω) measures its capability to stabilize 
additional electronic charge upon pollutant binding 
(Khachay et al., 2025), which was calculated by employing 
equations (1) – (7) (Cao et al., 2021; Montazeri et al., 2023; 
Khachay et al., 2025). Incorporating these parameters 
allows a deeper mechanistic understanding of how pristine 
PET and PU, as well as TiO2-modified PET/PU 
composites, interact with chlorophenol molecules beyond 
experimental adsorption data alone.  

𝐈𝐏 = −𝐸HOMO     (1) 

𝐄𝐀 = −𝐸LUMO     (2) 

ΔE = ELUMO - EHOMO    (3) 

 𝜼 = 1
2⁄ (𝐼𝑃 − 𝐸𝐴) =

𝐸LUMO−EHOMO

2
  (4) 

𝛔 =
1

2η
=

1

𝐼𝑃−𝐸𝐴
=

1

ELUMO−EHOMO
     (5)  

𝝁 = −1 2⁄ (𝐸HOMO + 𝐸LUMO)    (6) 

𝝎 =
𝜇2

2η
        (7) 

The frontier orbital analysis revealed that pristine PET and 
PU possess wide HOMO–LUMO gaps of 5.302 and 5.278 
eV, respectively, consistent with their chemical stability 
and low reactivity as shown in Table 1. Incorporation of 
TiO2 into the PET/PU matrix significantly reduced the 
gap to 3.160 eV, accompanied by increased softness (σ = 
0.317 eV) and decreased hardness (η = 1.580 eV), 
indicating enhanced polarizability and charge transfer 
potential. Upon interaction with PCP, both PET and PU 
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exhibited slight reductions in their energy gaps (4.024 and 
5.173 eV, respectively) with moderate electrophilicity 
indices (ω ≈ 4.3 and 2.2 eV), suggesting weak adsorption. 
In contrast, PCP adsorption on the TiO2-PET/PU 
composite produced the lowest gap (2.489 eV) and the 
highest softness (σ = 0.402 eV), confirming substantial 
electronic perturbation. The electrophilicity index 
increased markedly to 8.234 eV, while the chemical 
potential stabilized at −4.527 eV, highlighting strong 
charge transfer between PCP and the composite surface. 
These demonstrate that TiO2 functionalization enhances 
the reactivity of the PET/PU system and provides 
superior binding affinity toward PCP compared to pristine 
PET or PU, corroborating the role of the TiO2-PET/PU 
nanocomposite as the most efficient adsorbent. The 
electronic distribution of the orbital map is shown in 
Figure 2. 

3.2.2 Natural Bond Orbital (NBO) Analysis 

The NBO second-order perturbation results (Ɛ2 
stabilization energies) give deep insight into donor–
acceptor interactions and charge delocalization. The 
second-order perturbation theory as proposed by 
Weinhold (2012) was employed to probe donor–acceptor 
interactions within PET, PU, and TiO2-PET/PU before 
and after PCP adsorption, calculated using equation 8 
(Weinhold, 2012; Zhang et al., 2022a; Zhang et al., 2022b). 
In pristine PET, strong π → π* delocalization was 

observed, particularly from π*C14–O15 → π*C4–C5 (Ɛ2 = 

135.22 kcal/mol) and π*C11–O12 → π*C1–C6 (Ɛ2 = 126.02 
kcal/mol). These moderate stabilization energies reflect 
localized conjugation within the aromatic ester backbone 
(VL et al., 2025). PU displayed more pronounced 
delocalization, with πC19–C21 → π*C14–C16 interactions 

yielding an Ɛ2 of 232.49 kcal/mol, suggesting greater 
electronic delocalization across its aromatic units 
compared to PET. The TiO2-PET/PU nanocomposite 
exhibited even stronger charge delocalization, as 

evidenced by πC19–C21 → π*C15–C17 (Ɛ2 = 284.99 
kcal/mol), confirming that TiO2 incorporation enhances 
orbital overlap and intramolecular stabilization. This 
improved delocalization is consistent with the reduced 
energy gap and increased softness observed for the 
composite. 

E(2)= 𝒒𝒊
(𝑭𝒊𝒋))𝟐

𝑬(𝒊)−𝑬(𝒋)
     (8) 

Upon adsorption of PCP, PET, and PU displayed 
enhanced π → π* transitions, such as πC29–C30 → π*C25–

C26 in PCP-PET (Ɛ2 = 259.36 kcal/mol) and πC7–C11 → 

π*C4–C5 in PCP-PU (Ɛ2 = 226.36 kcal/mol). These values 
are significantly higher than in their pristine states, 
indicating that PCP binding induces stronger conjugation 
and electronic redistribution within the polymer matrices. 
In comparison, the most striking stabilization occurred in 
PCP-TiO2-PET/PU, where a lone-pair to antibonding 
interaction LP(3)O77 → LP*(1)H78 displayed an 

exceptionally high Ɛ2 value of 392.35 kcal/mol, with 
strong overlap (F(i,j) = 0.464 a.u). This interaction 
suggests pronounced hydrogen-bond-assisted charge 
transfer between PCP and the composite surface, far 

exceeding the stabilization energies observed in pristine 
PET or PU. This enhanced π → π delocalization and the 
exceptionally strong LP→LP* charge transfer interaction 
observed in PCP–TiO2-PET/PU highlight the pivotal role 
of electronic redistribution in strengthening pollutant 
binding (Zhang et al., 2022a; Zhang et al., 2022b). Also, 
TiO2 incorporation significantly enhances electronic 
delocalization and facilitates stronger intermolecular 
charge transfer with PCP, thereby rationalizing the 
superior adsorption energy of the composite system 
(Farokhi et al., 2022; Arif et al., 2024; Lazić & Nedeljković, 
2024). Table 2 shows the calculated NBO Donor (i), 
Acceptor (j), and second-order perturbation-stabilization 
energies (E(2) kcal/mol) of the complexes, before and 
after adsorption of PCP calculated at the DFT/B3LYP-
D3/Def2SVP level of theory. 

3.2.3 Molecular Electrostatic Potential (MESP) 

The MESP plots of PCP-PET, PCP-PU, and PCP-TiO2-
PET/PU (Figure 3) provide insight into the charge 
distribution and reactive sites of the studied systems. The 
color-coded surfaces represent electrostatic potential 
regions, where red corresponds to electron-rich zones 
(negative potential, nucleophilic sites), while blue indicates 
electron-deficient zones (positive potential, electrophilic 
sites) (Suresh & Haritha, 2024; Haritha & Suresh, 2024). 
For PCP-PET, the surface exhibits a balanced distribution 
of red and blue regions, reflecting the presence of both 
electron-rich oxygen functionalities and electron-deficient 
carbon centers. This distribution indicates moderate 
polarity, with localized regions that could participate in 
hydrogen bonding and weak electrostatic interactions.  

The PCP-PU system shows an increased concentration of 
blue regions, suggesting stronger electron-deficient sites. 
This indicates enhanced electrophilicity, which could 
promote stronger interactions with nucleophilic species in 
the environment (Suresh et al., 2022). The extended 
conjugated backbone further stabilizes the charge 
distribution, suggesting better charge-transfer capability 
compared to PCP-PET. Interestingly, in the PCP-TiO2-
PET/PU composite, the red regions are much more 
dominant, showing a significant increase in electron 
density across the molecular surface. This highlights the 
successful integration of TiO2 and PU, which introduces 
oxygen-rich domains and polar functional groups. The 
enhanced electron density is expected to facilitate stronger 
adsorption of cationic species and promote interfacial 
charge transfer, a property crucial for photocatalysis and 
pollutant degradation (Farokhi et al., 2022; Suresh et al., 
2022).  

3.3 Visual studies: 

3.3.1 Quantum Theory of Atoms in Molecules  

To gain deeper insight into the nature and strength of the 
interactions as well as the mechanisms between PCP and 
the microplastic systems, QTAIM analyses were 
performed. QTAIM plots revealed clear bond critical 
points (BCPs) and bond paths between PCP and the 
polymeric substrates, confirming the formation of 
noncovalent interaction networks (Kowalik et al., 2021; 
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Liu et al., 2025). For the PCP-PET, PCP-PU, and PCP-
TiO2-PET/PU systems, the electron density at the BCPs 
was relatively low (ρ(r) < 0.02 a.u.) with positive Laplacian 

values (∇2ρ(r) > 0), suggesting that the interactions are 
primarily closed-shell in nature, dominated by weak van 
der Waals and electrostatic forces (Bakheit et al., 2023). 
For the PCP-PET system, bond critical points such as 

O···H (ρ(r) = 0.008 a.u., ∇2ρ(r) = 0.037 a.u.) and O–H···π 
type interactions indicate weak hydrogen bonding. The 

positive Laplacian (∇2ρ(r) > 0) with small electron density 
values confirms closed-shell interactions, dominated by 
van der Waals and electrostatic forces. ELF values around 
0.020-0.030 further support weak non-covalent 
stabilization (Gobak et al., 2025; Anbukarasi et al., 2023). 
In the PCP-PU system, multiple O···H hydrogen bonds 
(ρ(r) = 0.007–0.011 a.u.) with negative total energy density 
(H(r) < 0) indicate slightly stronger stabilization compared 
to PET. The ratio G(r)/V(r) values falling between –1.3 and 
–2.0 classify these interactions as partially covalent 
hydrogen bonds, suggesting a higher adsorption stability. 
Additionally, Cl···C and Cl···N interactions were detected 
(ρ(r) = 0.005–0.006 a.u.), highlighting the role of halogen 
bonding in stabilizing PCP on the PU matrix.    

Looking at the QTAIM plot in Figure 4, we observe that 

PCP-TiO2-PET–PU nanocomposite exhibited a more 

complex topology with multiple BCPs forming between 

PCP and both the polymeric framework and the TiO2 

cluster. The PCP-TiO2-PET-PU composite exhibited the 

strongest binding characteristics. Notably, the O···H 

bond at CP 125 showed ρ(r) = 0.045 a.u. and ∇2ρ(r) = 0.162 

a.u, with V(r) = –0.043 a.u. and H(r) ≈ –0.001 a.u, 

confirming the presence of a moderately strong hydrogen 

bond with partial covalent character. This bond is 

significantly stronger than those in PET and PU, 

consistent with the enhanced adsorption energy (–2.594 

eV). Moreso, the appearance of multiple O···H contacts 

with higher density values, together with ELF > 0.1, 

indicates multi-centered cooperative hydrogen bonding, 

which drives the strong stabilization of PCP on the TiO2-

modified surface (Liu et al., 2025; Bakheit et al., 2023; 

Gobak et al., 2025; Anbukarasi et al., 2023).  

3.3.2 Non-Covalent Interaction (NCI) Analysis 

Complementary, we examined non-covalent interactions 
in this study, using NCI isosurface plots to visualize the 
weak forces that govern the stability and adsorption 
efficiency of the studied complexes (Figure 5). According 
to reported literature, the color scheme differentiates 
interaction types: green regions correspond to weak van 
der Waals (vdW) interactions, blue indicates strong 
attractive hydrogen bonding, while red reflects steric 
repulsion (Lu & Chen, 2024). For the PCP-PET system, 
the NCI plot reveals extensive green patches distributed 
around the interface of the two fragments, signifying 
dominant vdW stabilization. A few localized red patches 
near the hydroxyl and carbonyl groups suggest weak 
hydrogen bonds powered by steric interactions common 
among the rings of the different systems (Mahadevi & 

Sastry, 2016). In the PCP-PU system, the interaction 
pattern is more pronounced between the chlorophenol 
and the carbonyl and cyanide groups, indicating vdW 
stabilization. The presence of nitrogen atoms in PU also 
promotes more directional non-covalent contacts, 
consistent with enhanced stabilization compared to PCP-
PET.  

The reduced density gradient isosurfaces for PCP-PET 
and PCP-PU were predominantly green, reflecting weak 
dispersive contacts (Lu & Chen, 2024). In the TiO2-doped 
system, however, blue regions appeared around the PCP 
binding sites, indicating stronger attractive interactions 
facilitated by TiO2 incorporation, particularly around the 
TiO2–oxygen–hydrogen interaction zones (Wang et al., 
2021). As depicted in Figure 5, the PCP-TiO2-PET–PU 
system exhibits the richest non-covalent interaction 
profile. This result highlights the cooperative effect of 
TiO2 in enhancing orbital overlap and stabilizing charge 
transfer interactions between PCP and the host matrix.  

3.4 Adsorption studies of PCP 

According to reports (Kroes, 2021; Thomas et al., 2023; 
Saeed & Fischer, 2025), the adsorption energy analysis is a 
very crucial matrix in validating the strength or efficacy of 
adsorbate molecules to a host surface, and is either 
physisorption (weak adsorption) or chemisorption (strong 
adsorption). The adsorption energy (Eads) was calculated 
to evaluate the binding affinity of PCP on PET, PU, and 
the TiO2-PET/PU composite. PET and PU exhibited 
adsorption energies of -0.629 eV and -0.656 eV, 
respectively, which correspond to weak interactions 
consistent with physisorption. These relatively small 
negative values suggest limited stabilization of PCP on 
pristine polymer surfaces, in agreement with their large 
energy gaps and low softness values. In contrast, the TiO2-
PET/PU composite showed a notably higher adsorption 
energy of −2.594 eV, indicating significantly stronger and 
more favorable binding. Calculated by employing equation 
(1), this substantial increase in interaction strength 
confirms that TiO2 incorporation enhances the sorption 
capacity of the composite, likely through improved charge 
transfer and electronic polarization effects (Farokhi et al., 
2022; Wang et al., 2017). The stronger stabilization of the 
pollutant–adsorbent complex is further supported by the 
reduced energy gap and the elevated electrophilicity index 
observed for the composite upon adsorption. 

When compared with previous computational adsorption 
studies, the observed adsorption energy for PCP on TiO2-
PET/PU (-2.594 eV) is considerably higher and more 
favorable than typical polymer–pollutant interactions, 
which are often reported in the range of −0.4 to −1.2 eV 
(Jiang et al., 2024; Monteiro et al., 2024). It is also 
comparable to or greater than values reported for 
adsorption of chlorophenols on metalloporphyrin (Lan et 
al., 2024), modified graphene (Apebende et al., 2024; Ji et 
al., 2017), graphitic carbon nitride (Ou et al., 2018; Li et 
al., 2019), metal oxides (Zong et al., 2025; Song et al., 
2011), and carbon-based nanocomposites (− 0.44 to 
−1.24 eV) (Watkins et al., 2017; Cheon et al., 2024). This 
comparison highlights that TiO2 functionalization 
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significantly elevates the performance of the PET/PU 
matrix, placing the composite among the more effective 
sorbents for chlorophenol removal. 

Overall, the adsorption energy results demonstrate that 
while pristine PET and PU are weak adsorbents for 2-
chlorophenol (PCP), TiO2 functionalization imparts 
superior adsorption capability, making the TiO2-PET/PU 
nanocomposite a highly promising candidate for 
environmental remediation applications. 

The relationship between the electrophilicity index (ω) and 
adsorption energy (Eads) provides insight into the 
adsorption behavior of chlorophenol on the investigated 
systems. The calculated results indicate that pristine PET 
and PU exhibit electrophilicity indices of 4.358 eV and 
2.149 eV, respectively, whereas the TiO2-PET-PU 
composite shows a higher electrophilicity value (5.729 
eV), suggesting an enhanced ability of the composite 
surface to accept electron density during interaction with 
adsorbate molecules. Upon interaction with chlorophenol, 
the adsorption energies reveal a clear trend in adsorption 
strength. The PCP-PET and PCP-PU systems show 
moderate adsorption energies of -0.629 eV and -0.656 eV, 
respectively, indicating relatively weak interactions 
dominated by non-covalent forces. In contrast, the TiO2-
containing composite exhibits a significantly higher 
electrophilicity index (8.234 eV) together with a 
substantially more negative adsorption energy (-2.594 eV) 
for the PCP-TiO2-PET-PU complex. This trend indicates 
that the incorporation of TiO2 enhances the electron-
accepting capability of the composite surface and 
strengthens the interaction with chlorophenol molecules. 
The increase in electrophilicity facilitates charge transfer 
between the adsorbent and adsorbate, which is consistent 
with the stronger adsorption energy predicted for the 
composite system. These results suggest that the TiO2-
modified PET/PU composite possesses improved 
adsorption capability compared to the individual polymer 
components, thus highlighting the role of electronic 
structure modification and enhanced interaction sites in 
promoting chlorophenol uptake in aqueous systems. 

CONCLUSIONS 

In this work, the adsorption behavior of PET/PU-based 
microplastics modified with TiO2 toward chlorophenol 
(PCP) pollutants was systematically investigated through 
both experimental and theoretical approaches. Structural 
characterization using FT-IR spectroscopy confirmed the 
successful incorporation of functional groups relevant to 
pollutant adsorption. Density Functional Theory (DFT) 
revealed that TiO2 modification markedly enhances 
electronic reactivity as the band gap drops from 5.302 eV 
for PET and 5.278 eV for PU to 3.160 eV (TiO2–PET–
PU) and further to 2.489 eV upon PCP adsorption. 
Consistently, adsorption energetics show a step-change 
from weak physisorption on the pristine polymers (Eads = 
– 0.629 eV on PET; – 0.656 eV on PU) to strong binding 
on the composite (Eads = –2.594 eV, ≈ –250 kJ/mol). 
Interaction-level analyses pinpoint the origin of this gain. 
NBO gives the largest stabilization in the composite via 
LP(3)O77 → LP*(1)H78 donation (E(2) = 392.35 kcal/mol), 

exceeding the π→π* delocalization seen in PET/PU 
(≈126 –259 kcal/mol). NCI maps show extended green 
isosurfaces and localized blue patches around the 
TiO2/urethane region, evidencing cooperative H-
bonding, π–π/CH···O, and dispersive anchoring 
unavailable on the pristine polymers. Collectively, our 
result demonstrates that embedding TiO2 into a PET/PU 
microplastic matrix creates a stable, multi-active surface, 
amplifies electron-acceptor character and charge-transfer 
capacity, and delivers ~4X stronger PCP adsorption than 
the unmodified polymers. These further give mechanistic 
and quantitative insights to convert waste-derived 
microplastics into high-affinity sorbents for 
chlorophenols and related petroleum pollutants. 
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